Anaesthesiologists have traditionally been consulted to help design breathing circuits to attain and maintain target end-tidal carbon dioxide (P ET CO 2 ). The methodology has recently been simplified by breathing circuits that sequentially deliver fresh gas (not containing carbon dioxide (CO 2 )) and reserve gas (containing CO 2 ). Our aim was to determine the roles of fresh gas flow, reserve gas PCO 2 and minute ventilation in the determination of P ET CO 2 . We first used a computer model of a non-rebreathing sequential breathing circuit to determine these relationships.
Historically, anaesthesiologists have been consulted by many clinical specialists and researchers to design breathing circuits to control the partial pressure of end-tidal carbon dioxide (P ET CO 2 ). Control of the arterial partial pressure of carbon dioxide (P a CO 2 ) independent of changes in minute ventilation (V . E) has been applied to enquiries as diverse as the study of the ventilatory response to hypoxia and vascular reactivity in the brain 1 and the eye 2 . Recently, our laboratory has also applied isocapnic hyperpnoea to increase the rate of elimination of volatile gases such as carbon monoxide 3, 4 and inhalational anaesthetic 5 . Control of PCO 2 is also used in therapeutic interventions as diverse as permissive hypercapnia for acute respiratory distress syndrome, adjuvant to radiotherapy 6, 7 , and respiratory muscle training 8 . In the near future, control of PCO 2 may be applied to minimizing lung injury 9 , increasing tissue PO 2 in the perioperative period 10, 11 , and optimizing coronary 12, 13 and cerebral blood fl ow 14 .
In the past, control of PCO 2 has been managed primarily by delivering CO 2 -containing gases via nonrebreathing circuits. These circuits are simple but do not result in a predictable PCO 2 15 . Some studies attempt to achieve fi ne control of exhaled PCO 2 by the addition of CO 2 to inspired gas, controlled either via manual manipulation in response to changes in P ET CO 2 or by computer-controlled servo methods 16 . Both require complex methods to control CO 2 fl ow and the ability to respond to CO 2 sensor values; nevertheless P ET CO 2 is still subject to drift and oscillation. As far back as 1976, experts in the fi eld have used breathing circuits that add CO 2 passively to the circuit in proportion to V . E, thereby providing a stable self-regulatory system 17, 18 . Most recently, these self-regulatory systems have been improved to deliver fresh gas and CO 2 -containing gas sequentially 19, 20 .
Our aim was to develop the rationale for deter-mining the optimal settings required to attain and maintain precise P ET CO 2 targets with sequential gas delivery circuits and to combine these into a format that would be understood by novice and expert users alike. We began by examining the effect on P ET CO 2 of sequential gas delivery using a computer simulation of pulmonary gas exchange 21 . We then examined the predictions derived from the computer model by measuring P ET CO 2 in subjects who increased V . E incrementally from resting levels to fi ve times resting levels. Finally, we developed equations relating the circuit input variables to the resulting P ET CO 2 .
METHODS

Brief review of sequential gas delivery circuits
Sequential gas delivery circuits passively deliver fresh gas (not containing CO 2 ) followed by 'reserve gas' (containing CO 2 ). During exhalation, fresh gas fl ow is stored in a fresh gas reservoir ( Figure  1 ). During inhalation, the fresh gas is inhaled fi rst. After the fresh gas reservoir collapses, the balance of the inhaled gas is composed of reserve gas. The ventilation of the alveoli with fresh gas determines the extent of CO 2 elimination. The presence of CO 2 in the reserve gas (P RG CO 2 ) reduces its contribution to CO 2 elimination. Assuming reserve gas has an 'ideal' PCO 2 such that it makes no contribution to CO 2 elimination, CO 2 elimination will depend only on the ventilation of the alveoli with fresh gas. In terms of CO 2 exchange therefore, this reserve gas is neutral, re sulting only in volume expansion of the lung. The reserve gas can be supplied from previously exhaled gas 20 (Figure 1 , panel A) (partial rebreathing sequential gas delivery circuit is functionally analogous to Hi-Ox SR ™, Viasys Healthcare, Yorba Linda CA) or from an exogenous source 19 (Figure 1 , Panel B) (non-rebreathing sequential gas delivery circuit is functionally analogous to Clearmate™, Viasys Healthcare, Yorba Linda CA). The contribution of this reserve gas to total gas fl ow using either system is proportional to V . E minus the fresh gas fl ow. The general principles of maintaining isocapnia using sequential gas delivery were described by Sommer et al 19 and Banzett et al 20 , but neither group FIGURE 1: Sequential gas delivery circuit contains exhaled gas reservoir and uses rebreathed gas as reserve gas for control of end-tidal PCO 2 (A). Non-rebreathing sequential gas delivery circuit uses a demand valve connected to an exogenous CO2 source (gas cylinder) to provide reserve gas for control of end-tidal PCO2 (B). Sections devoted to delivery of reserve gas are shaded. provided a consistent systematic relationship between circuit settings (fl ow and reserve gas PCO 2 ) and P ET CO 2 . Banzett et al stated general principles for raising or maintaining P ET CO 2 constant but not how to attain a target P ET CO 2 without trial and error. Sommer et al provide an equation for the settings that can be applied prospectively to attain a target P ET CO 2 but, as we will demonstrate, we feel the equation is incorrect.
Computer simulation
We simulated the lung and sequential gas delivery circuit with reserve gas composed of either exogenous gas or previously exhaled gas, using dynamic modeling software (Labview, National Instruments, Austin, TX, U.S.A.). We assumed constant CO 2 production and cardiac output and a lung with anatomical dead space and alveoli in series. The input variables were V . E, fresh gas fl ow, and the PCO 2 of reserve gas; the output variable was P ET CO 2 . The model is available on line at http://www.isocapnia.com
Human subjects
We constructed a non-rebreathing sequential gas delivery circuit as illustrated in Figure 2 . Fresh gas fl ow was controlled by a rotameter (model 605, Matheson Instruments, Montgomeryville, PA, U.S.A.). The re serve gas reservoir consisted of a 7-litre water seal spirometer and received a fi xed fl ow of reserve gas from cylinders of analyzed medical grade gases containing 5.5% CO 2 (approximating alveolar PCO 2 , P A CO 2 ) or 6.0% CO 2 (approximating mixed venous PCO 2 , Pv -CO 2 ), 21% O 2 , balance N 2 . This confi guration of the circuit allowed us to limit the contribution of reserve gas to the subject's V . E by setting its fl ow into the spirometer. The opening pressure of the valve in the reserve gas conduit was slightly higher than that of the valve in the fresh gas conduit to assure the fresh gas reservoir is emptied before reserve gas is supplied 20 . V . E was measured with a calibrated pneumotachometer (SC520, VacuMed, Ventura, CA, U.S.A.) in the expiratory limb of the circuit distal to the expiratory valve. Gas was sampled continuously at the mouth and analyzed for PCO 2 (Datex Capnomac, Datex-Ohmeda, Espoo, Finland). The fl ow and PCO 2 signals were digitized and recorded (Windaq Data Aquisition Software, Dataq Instruments, Akron, OH, U.S.A.).
Protocol
With institutional ethics approval and written informed consent, fi ve healthy male subjects breathed through the circuit ( Dan, the minute ven tilation of the anatomical dead space, was estimated as respiratory frequency times 2 ml/kg of the subject's body weight 20 . For each fresh gas fl ow setting, reserve gas fl ow was increased in increments such that total fl ow was equal to 1.25, 1.5, 1.75, 2, 3, 4 and 5 times resting V . E. Subjects breathed at 12 breaths per minute, synchronized to a metronome, and adjusted their total V . E to maintain, at end-inspiration, the average height of the spirometer bell at a designated level. V . E was equal to the total fl ow of fresh and reserve gases. Each V . E was maintained for at least 5 minutes or until P ET CO 2 stabilized; data were then recorded for an additional 2 minutes. This was repeated for each of the four different combinations of fresh gas fl ow and reserve gas PCO 2 (Table 1) .
Data Analysis
Values are reported as mean±SE with signifi cance at P<0.05 (using ANOVA). Tukey's test was used to determine which levels of V . E produced signifi cant changes in P ET CO 2 . 
RESULTS
Computer simulation
The computer simulation predicted that with fresh gas fl ow set equal to V . E and reserve gas PCO 2 equal to Pv -CO 2 ; combination A, Table 1 ), P ET CO 2 would decrease with initial increases in V . E; thereafter, P ET CO 2 would rise, approaching asymptotically the Pv -CO 2 (Figure 3 ). With fresh gas fl ow set equal to V . A (combinations B and C, Table 1 ), there would be no initial decrease in P ET CO 2 ; with reserve gas PCO 2 set equal to P ET CO 2 (combinations C and D, Table 1 ), P ET CO 2 would not rise above control even with large increases in V . E. and gas exchange into a concise model and convenient equation that can be used by experts and non-experts alike. The model predicts that, ideally, the fresh gas fl ow should be equal to V . A and the reserve gas PCO 2 should be equal to P A CO 2 . These settings allow the control the P ET CO 2 to within 1 mmHg for V . E up to fi ve times resting levels.
The theoretical imperative of setting reserve gas PCO 2 equal to P A CO 2 may be diffi cult to achieve in practice. The use of exhaled gas as reserve gas, (as advocated by Banzett et al) does not solve the problem in every case. The presence of alveolar dead space will increase the gradient between P ET CO 2 and P A CO 2 . In this study, pre-mixed gases used for reserve gas in protocols C and D contained 5.5% CO 2 (~40 mmHg). Although this concentration was close Figure 4 illustrates the changes in P ET CO 2 at increased V . E at all four combinations of the protocol in a representative subject. Changes in P ET CO 2 with increased V . E followed closely those predicted by the model. For all subjects, combination C provided the best control of P ET CO 2 ( Figure 5 
Human subjects
DISCUSSION
We provide a comprehensive model of the relationship between fresh gas fl ow and reserve gas PCO 2 required to attain a target P ET CO 2 independent of V . E with a sequential gas delivery circuit. Our contribution was to distil the accepted basic principles of ventilation to our subjects' average resting P ET CO 2 (~41 mmHg), any difference between the reserve gas PCO 2 and the subjects' actual P A CO 2 may have contributed to some of the variability in P ET CO 2 control.
These studies allowed us to develop a model that describes the relative contributions of fresh gas and reserve gas to predict the target P ET CO 2 . The effect of a discrepancy in PCO 2 between alveolar gas and reserve gas can be determined according to the following rationale. We found that the PCO 2 in the reserve gas that renders it neutral with respect to CO 2 elimination is that equal to P A CO 2 . If the reserve gas PCO 2 is less than P A CO 2 , there will be some 'bonus' ventilation from the reserve gas that enters the alveoli. The minute ventilation of reserve gas entering the alveoli (V . RG) is given by:
Dan is minute ventilation of the anatomical dead space and FGF is the fresh gas fl ow. Therefore, the 'bonus' V . A resulting from reserve gas ventilation is 'bonus' V . A=V . RG X P A CO 2 -P RG CO 2 (2) P A CO 2 Note that Equation 2 is analogous to Equation 2 in Sommer et al except that they erroneously indicate the neutral PCO 2 value is Pv -CO 2 (instead of P A CO 2 ).
We can now summarize our fi ndings by stating that in a steady state, when fresh gas fl ow is less than the difference between V How ever, Equation (3) allows the calculation of the extent of the error in P ET CO 2 control with errors in the settings. If the error in estimating P A CO 2 is small or the minute ventilation of reserve gas is small, P ET CO 2 will be well maintained. In practice, with estimated reserve gas PCO 2 settings, and esti mating V . Dan as 2 ml/kg times respiratory frequency, we were able to maintain P ET CO 2 constant to ±1 mmHg, even in the face of marked increases in V . E.
There are two caveats with respect to Equation 3. First, it only applies under steady-state conditions. Second, it assumes bulk fl ow of gases with sharp demarcations between fresh gas and reserve gas. With this bulk fl ow model, we assume that during quiet breathing, and fresh gas fl ow less than V . E, the reserve gas delivered at the end of inspiration is distributed only to the conducting airways and the volume of fresh gas is distributed to the alveoli. A more realistic model of the lung, however, is what Hahn et al 23 refer to as the 'trumpet model' in which mixing and diffusion occur at the interface between the gases in the anatomical dead space and the alveoli. In our subjects, the smaller than predicted initial dips in P ET CO 2 in conditions A and D ( Figure 5 ) are likely due to a 'dampening' effect resulting from mixing and diffusion. The extent of mixing between the two sequentially delivered gases, or between the gas in the alveoli and that in the anatomical dead-space, is unknown and may be affected by inspiratory fl ow pattern and respiratory frequency 23 and by cardiac pulsations 24 . Nevertheless, at least some gas in the anatomical dead-space does not undergo gas exchange or mixing as indicated by a reduction in P ET CO 2 with increasing V . E when fresh gas fl ow equals V . E (conditions A and D). Even though it may not correspond exactly to an identifi able anatomical structure, there is a 'functional' anatomical dead-space, about 2 ml/kg body weight, that behaves like the one outlined in our simple model.
The partial re-breathing circuits used in earlier studies have contained two (inspiratory/expiratory) 17 or three (inspiratory/expiratory/rebreathing) 18, 20 valves for maintenance of isocapnia. Severinghaus and others have successfully used these systems to maintain isocapnia in the face of changing minute ventilations. The major difference between these circuits and the more recent circuits described by Sommer et al and Banzett et al is that the more recent circuits include a loaded rebreathing valve (with a set opening pressure) which opens passively once the fresh gas reservoir is collapsed. While this feature is virtually undetectable by the user, it insures the separation and sequential delivery of fresh gas and previously exhaled gas on inspiration. When fresh gas fl ow is less than V . E, the sequential gas delivery would minimize the volume of fresh gas sequestered in the anatomical deadspace and optimize the distribution of fresh gas to the alveoli. Practically, this consideration would be most relevant in patients provided with low fresh gas fl ow relative to their V . E. In addition, the ability to provide true sequential gas delivery can be exploited to identify the fresh gas fl ow equal to V . E (i.e., when reduction in fresh gas fl ow results in the fresh gas reservoir collapsing, on average, at the end of each breath). Further reduction in the fresh gas fl ow, until P ET CO 2 just begins to rise, could identify V . A without trial and error or the calculation of anatomical dead-space from body weight.
The choice of exhaled gas reservoir with an isocapnia circuit must be carefully considered. This reservoir must be compliant enough to avoid the buildup of back pressure on exhalation but be designed to prevent being sucked into the conducting tubing on inhalation. The classic reservoir 18 consists of a 10litre open ended tube. A more compact alternative is presented in Figure 6 . The narrow tube open to atmosphere prevents backpressure during exhalation and minimizes the mixing of exhaled gas with air during inhalation. The struts connecting the tubes protect the tube slots from being occluded by the bag during inhalation.
Rebreathing vs non rebreathing
The applications of sequential gas delivery circuits determine the optimal type of reserve gas (exogenous vs endogenous). Use of exogenous reserve gas results in the alveolar ventilation for all gases except CO 2 to be equal to the sum of alveolar ventilation of fresh and reserve gas. For example, when fresh gas is O 2 and reserve gas is 5.5% CO 2 balance O 2 , the elimination of soluble substances such as CO and anaesthetics 5 -but not CO 2 -will vary with V . E. Rebreathing circuits, in contrast, have the great advantage that no source of exogenous gas is required; the PCO 2 of the reserve gas is self adjusting and follows the target P ET CO 2 levels 20 . This makes the circuit suitable for use in controlling P ET CO 2 in, for example, MRI suites to study cerebrovascular reactivity 1, 20 .
In summary, we provide a model, based on wellknown gas exchange physiology, that can be used to set and maintain end-tidal PCO 2 independent of increases in minute ventilation, by means of sequential gas delivery circuits. Ideal settings for this circuit are a fresh gas fl ow equal to target alveolar ventilation and reserve gas PCO 2 equal to target alveolar PCO 2 . Sequential gas delivery circuits with an exogenous source of reserve gas are best for accelerating the elimination of soluble and volatile hydrocarbons. Using previously exhaled gas for reserve gas may be less expensive and more convenient for other applications.
